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The substitutional dependence of valence and spin-state configurations of Sr(Fe1−xCox)2As2 (x =
0, 0.05, 0.11, 0.17, and 0.38) is investigated with near-edge x-ray absorption fine structure at the L2,3
edges of Fe, Co, and As. The present data provide direct spectroscopic evidence for an effectively
isovalent substitution of Fe2+ by Co2+, which is in contrast to the widely assumed Co-induced
electron-doping effect. Moreover, the data reveal that not only does the Fe valency remain completely
unaffected across the entire doping range, but so do the Co and As valencies as well. The data
underline a prominent role of the hybridization between (Fe,Co) 3dxy, dxz, dyz orbitals and As
4s/4p states for the band structure in A(Fe1−xCox)2As2 and suggest that the covalency of the
(Fe,Co)-As bond is a key parameter for the interplay between magnetism and superconductivity.
PACS numbers: 74.70.Xa, 78.70.Dm, 74.25.Jb, 74.62.Dh
Since the discovery of superconductivity in iron-based
materials [1] with transition temperatures Tc up to
55 K [2], the iron pnictides and chalcogenides have been
intensely studied, and the understanding of the physical
properties of these systems has considerably advanced.
As for other materials like heavy-fermion systems and
high-Tc cuprates, superconductivity emerges in the vicin-
ity of a magnetic instability. Moreover, similar to the
cuprates, the superconducting phase boundary of most
iron pnictides has a dome-like shape and superconduc-
tivity appears when the antiferromagnetic (AFM) phase
is significantly reduced upon either substitution on the
transition-metal and on the pnictide site or upon exter-
nal pressure. Even though it has been established that
the edge-sharing FeAs4 tetrahedra are the structural key
ingredient for the physical properties of the pnictides, the
details of the superconducting pairing mechanism remain
still elusive. Meanwhile, however, many studies strongly
suggest that distinct nesting properties are important for
the magnetic as well as for the superconducting charac-
teristics.
For the stoichiometric parent compound, the good
nesting properties, which are closely connected with in-
terband scattering between Fermi-surface hole pockets at
the Γ point of the Brillouin zone and electron pockets at
the M point, are obviously responsible for the develop-
ment of a spin density wave (SDW) and AFM order at
low temperature [3–8]. Upon doping (or application of
pressure) the shape and the size of the hole and electron
pockets are modified [3, 7, 9], the SDW is suppressed, and
specific spin fluctuations associated with close-to-nesting
conditions are assumed to play a decisive role for the su-
perconducting pairing mechanism. Whether magnetism
and superconductivity do indeed coexist in the pnictides
[10, 11] is still under intense debate, as is the related ques-
tion whether the same electrons establish AFM order and
are responsible for superconductivity [6]. Furthermore,
the band structure is very complicated as well in these
systems since it results from a compromise between the
covalent Fe-As bonds (for the tetrahedral coordination
the dxy, dxz, and dyz states are higher in energy than the
dx2−y2 and the d3z2−r2 states) and the square planar Fe-
Fe coordination (where the energy sequence descends as
dx2−y2 − dxy − dxz, dyz − d3z2−r2 in an ionic picture). As
a consequence, all bands with Fe 3d character cross the
Fermi energy, thereby reflecting the itinerant character
of the system.
An interesting example is the AFe2As2 system (where
A denotes Ca, Sr, or Ba) which exhibits two-band su-
perconductivity for the following cases: (i) an external
pressure of several GPa is applied to the samples [12–
14], (ii) As is partially substituted by isovalent P [15, 16],
(iii) Fe is partially replaced by isovalent Ru [17–19], (iv)
hole doping achieved by partial replacement of A2+ by
K+ [20, 21], and (v) Fe is partially substituted by Co, Ni,
Co/Cu mixtures, Rh, Pd, Ir, or Pt [22–27]. Although the
valencies of Co, Ni, Cu, Rh, Pd, Ir and Pt in AFe2As2 are
still unclear, “electron doping” is generally assumed for
the substitutions under (v). In the framework of the so-
called virtual crystal approach, a rigid-band shift of EF
induced by “electron doping” is considered [28]. Density-
functional theory (DFT) shows that the main effect of
substitution is not on the density of states but rather on
the relative size of the electron and hole pockets [5]. More
recent DFT calculations even indicate that Co does not
dope the system with electrons at all but is isovalent to
Fe2+ and solely acts as a random scatterer [29]. In this
case, the effect of Co substitution would rather lead to
a topological change of the Fermi surface which destabi-
lizes magnetism in favor of superconductivity.
To shed more light on the substitution-dependent
changes in the electronic structure of the iron pnictides
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Figure 1. (Color online) Comparison of the (a) normal and (b) grazing incidence Fe L2,3 NEXAFS spectra of Sr(Fe1−xCox)2As2
(x = 0, 0.05, 0.11, 0.17, and 0.38) recorded at 300 K in FY. The spectral shape of both edges is unaffected upon doping. For
clarity, the spectra are vertically offset. In addition, the spectrum of a deteriorated iron-oxide containing sample is included
in (a) (topmost panel), thereby exhibiting the respective peak positions of the iron oxide. For more direct comparison of the
doping dependence, the spectra are plotted on top of each other in the next to lowest panel. The multiplet calculations show
that the spectra can be described reasonably well for tetrahedrally coordinated Fe2+. As a representative, in the topmost panel
in (b) the anisotropy between normal (line) and grazing incidence (symbols) is depicted for the x = 0 sample.
and to scrutinize the supposed “electron doping” by ana-
lyzing the valency of the relevant chemical elements, we
have investigated the Sr(Fe1−xCox)2As2 system (x = 0,
0.05, 0.11, 0.17, and 0.38) [30] with near-edge x-ray ab-
sorption fine structure (NEXAFS) at the L2,3 edges of
Fe, Co, and As using linearly polarized light. Since it
has been shown that iron pnictide samples may suffer
severely from iron oxide contamination [31], the O K
edge was investigated as well. For completeness the re-
sults obtained at the O K edges are shown and discussed
in the supplementary material. The measurements were
performed at the Institut für Festkörperphysik beamline
WERA at the ANKA synchrotron light source (Karl-
sruhe, Germany). All spectra were taken simultaneously
in bulk-sensitive fluorescence yield (FY) and in total elec-
tron yield (TEY) on single crystals that exhibit a mirror-
like shiny surface. Photon energy calibration to better
than 30 meV was ensured by adjusting the Ni L3 peak
position measured on a NiO single crystal before and af-
ter each NEXAFS scan to the established peak position
[32]. The spectral resolution was set to 0.3 eV for the
Fe and Co L2,3 edges. While the in-plane spectrum is
obtained for a normal-incidence alignment, i. e., for a
grazing angle θ of 0◦, the out-of-plane spectrum is deter-
mined by measuring in a grazing-incidence setup with a
grazing angle of 65◦. The FY spectra are corrected for
the self-absorption and saturation effects inherent to the
FY method. Utilizing multiplet calculations, the config-
uration of the corresponding spin and valence states of Fe
and Co is determined for the investigated doping contents
[33]. Sr(Fe1−xCox)2As2 single crystals were grown from
self-flux in glassy carbon crucibles as described elsewhere
[34, 35]. The composition of the samples was determined
using energy dispersive x-ray spectroscopy and was ver-
ified by the size of the respective background-corrected
edge jump in our NEXAFS experiments. Using super-
conducting quantum interference device (SQUID) mag-
netometry, the superconducting transition temperature
was determined to Tc ≈ 12 K for the nearly optimally
doped x = 0.11 sample, to ≈ 9 K for the slightly over-
doped x = 0.17 sample, and to ≈ 7 K for the strongly
overdoped x = 0.38 sample. No superconducting transi-
tion down to 4 K was observed for the undoped x = 0
and the underdoped x = 0.05 sample. Thus, the studied
samples span the entire range from undoped up to highly
overdoped.
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Figure 2. (Color online) Comparison of the (a) normal and (b) grazing incidence Co L2,3 NEXAFS spectra of Sr(Fe1−xCox)2As2
(x = 0, 0.05, 0.11, 0.17, and 0.38) taken at 300 K in FY (topmost panel) and in TEY. The spectral shape of both edges is
unaffected upon doping. For clarity, the TEY spectra are vertically offset. The multiplet calculations show that the spectrum
can be described reasonably well for tetrahedrally coordinated Co2+. As a representative, in the lowest panel in (b) the
anisotropy between normal (dotted line) and grazing incidence (symbols) is depicted for the x = 0.17 and the x = 0.38 sample.
In Fig. 1 the Fe L2,3 NEXAFS spectra of
Sr(Fe1−xCox)2As2 (x = 0, 0.05, 0.11, 0.17, and 0.38)
measured at 300 K in FY are depicted for (a) normal
and (b) grazing incidence. The absorption spectra corre-
spond to first order to transitions of the type Fe 2p63d6
→ Fe 2p53d7. They consist of two manifolds of multiplets
located around 708 eV (L3) and 721 eV (L2) and sepa-
rated by the spin-orbit splitting of the Fe 2p core level.
In addition, the spectrum of a degraded undoped sample
is included in Fig. 1 (a) (topmost panel), exhibiting the
respective additional peak positions of iron oxide around
≈ 710 and ≈ 723 eV. It is obvious from the absence of
these two oxide-related features in all other spectra in
Fig. 1 that iron oxide does not play an important role for
the bulk properties of the investigated series. [The TEY
data of most samples (not shown) are similar to the FY
spectrum of the degraded sample which reflects that the
surface layer contains some iron oxide phase as well (see
also discussion of O K edge in the supplementary mate-
rial).]
It is also evident from the FY data that the spectral
shape of both edges remains unaffected upon Fe substi-
tution by Co, as do the respective energetic position of
the onset energy of the L3 and the L2 edge and of all
other spectral features (like peaks or shoulders). This
is an important finding since it establishes that the Fe
valency is unchanged across the entire doping series. It
should be noted that for electron doping, changes in the
spectral shape are expected together with a spectral shift
∆E to lower energies which according to multiplet cal-
culations scales in this energy range almost linearly with
the doping content x as ∆E ≈ x × 1.5 eV. If the as-
sumption of electron doping were valid [36, 37], and with
the good energy precision in our experiment, it should
be possible to observe - at least for the highly doped x =
0.17 and 0.38 samples - a modified spectral shape and
a significant energy shift (of ≈ 0.26 and 0.57 eV, resp.).
Such a shift was indeed found for NEXAFS on electron-
doped LaFeAsO1−xFx [38] - but does not exist here in the
Sr(Fe1−xCox)2As2 system with partial replacement of Fe
by Co. Furthermore, our multiplet calculations show that
the spectrum can be described reasonably well for tetra-
hedrally coordinated Fe2+ in a high-spin (HS) configura-
tion. To obtain the simulated data, the code developed
by Thole, Butler, and Cowan [39–41] and maintained and
further developed by de Groot [42] was used to calculate
spectra for different values of the crystal-field splitting
∆CF and of the charge-transfer energy ∆c, and by tak-
ing the Hund’s rule exchange interaction into account.
Charge-transfer effects were included for Fe2+ by admix-
4ing transitions of the type 2p63d7L → 2p53d8L, where L
denotes a hole at the arsenic ligand [43]. Consistent with
the TEY spectra in Ref. [31] a certain anisotropy between
normal and grazing incidence data can, independent of
the Co content, be inferred from Fig. 1 with the higher
density of states found for the in-plane spectra.
In Fig. 2 (a) and (b) the normal- and grazing-incidence
Co L2,3 NEXAFS spectra of Sr(Fe1−xCox)2As2 (x =
0.05, 0.11, 0.17 and 0.38) recorded at 300 K in FY and
in TEY are displayed. As for the Fe L2,3 edge, they
consist of two manifolds of multiplets, located around
778 eV (L3) and 794 eV (L2). The comparison between
the bulk-sensitive FY [topmost panel in figure (a) and
(b)] and the TEY data shows a close resemblance be-
tween the respective spectra implying the absence of a
cobalt-oxide surface layer. Due to the much better statis-
tics of the TEY data we, therefore, focus on the TEY
spectra in the following. Similarly to the Fe edge (see
above), no concentration-dependent spectral changes or
energetic shifts are observed at the Co L2,3 edge for the
x = 0.05, 0.11, 0.17, and 0.38 samples. Again a certain
anisotropy between normal and grazing incidence data
can be attributed to the higher density of states found
for the in-plane spectra. The fact that the spectral shape
of the Co L2,3 spectra is completely independent of x, as
is the energetic position of the onset energy of the L3
and the L2 edge and of all other spectral features, unam-
biguously demonstrates that the Co valency remains the
same throughout the entire investigated doping series.
To derive a reliable estimate of the Co valency and
the corresponding spin state, we have performed multi-
plet calculations for Co2+ and Co3+ in tetrahedral and
square-planar coordination, respectively [43]. The spec-
tral shape of square-planar coordinated Co2+ HS and
Co3+ low-spin (LS) (not shown) does not show any re-
semblance to our experimental data. Hence, this configu-
ration can be excluded right away. Furthermore, a Co3+
LS in tetrahedral coordination is stabilized only for an
unusually strong crystal-field splitting of ∆CF & 3.5 eV.
Therefore, only the simulated spectra of Co2+ and Co3+
HS in tetrahedral coordination and Co3+ HS in square-
planar coordination are considered in Fig. 2. By aligning
the calculated spectra to the energy position of the main
structure of the measured L3 peak position, it is evident
that only Co2+ in tetrahedral coordination (solid line)
reproduces reasonably well the measured spectra for x =
0.05, 0.11, 0.17, and 0.38. Even the shoulder at the L3
edge around 779.5 eV and the small wiggles above 780
eV are adequately described for Co2+ in tetrahedral co-
ordination. For Co3+ HS in tetrahedral (dotted line)
or square-planar coordination (dashed line), additional
satellites appear in the calculated spectrum at ≈ 776,
777, and 781 eV. Furthermore, both the energy position
of the small peak around 782 eV and of the complete
L2 edge cannot be reconciled with the experimental data
[44]. It is interesting to note that already the experimen-
tal Fe L2,3 spectra in Fig. 1 are best described by means
of a tetrahedrally coordinated Fe atom. It should also be
mentioned that, in order to properly describe the experi-
mental data, the crystal-field parameter of the multiplet
calculations increases from ∆CF ≈ 1.0 eV for FeAs4 to
≈ 1.4 eV for CoAs4 while the charge-transfer energy de-
creases systematically from ∆c ≈ 3.0 eV to ≈ 1.0 eV [43].
Both effects point to a more pronounced covalent char-
acter of the Co-As bond.
To complement the electronic structure derived from
the Fe and Co L2,3 edges, the normal- and grazing-
incidence As L3 NEXAFS spectra of Sr(Fe1−xCox)2As2
(x = 0, 0.05, 0.11, 0.17 and 0.38) taken at 300 K with an
energy resolution of 1.1 eV are depicted in Fig. 3. These
spectra are very similar to the data given in Ref. [31].
Although probing the As L2,3 edge is only an indirect
measure of the 4s/4p states, it was shown in Ref. [31]
that the polarization dependence of the As L3 spectra
allows the determination of the As orbital topology. Con-
sistent with the previous data, the present spectra point
to a small anisotropy between in-plane and out-of-plane
states with a slightly higher density of states found for
the out-of-plane spectra. More important is, however,
that significant changes in the spectral shape and/or en-
ergetic shifts are not observed in the spectra upon sub-
stitution of Fe by Co up to almost 40%. This indicates
that the As valency remains completely unchanged upon
doping as well. Hence neither at the As nor at the Fe
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Figure 3. (Color online) Comparison of the normal and graz-
ing incidence As L3 NEXAFS spectra of Sr(Fe1−xCox)2As2
(x = 0, 0.05, 0.11, 0.17 and 0.38) recorded at 300 K in FY.
The spectral shape of both edges is almost unaffected upon
doping. For clarity, the spectra are vertically offset. A small
anisotropy appears for all doping contents between normal
and grazing incidence spectra. For more direct comparison of
the doping dependence, the spectra of the x = 0 and x = 0.38
sample are plotted on top of each other in the lowest panel.
5atom the “extra electron” expected for Co3+ substitution
is found - lending further support to the notion that Co,
instead of behaving like Co3+, seems to appear here with
a valency of +2. Recent calculations [29, 45–47] seem
to agree, and suggest short-range screening as an impor-
tant factor: in this picture, the ensemble of d electrons
in Sr(Fe1−xCox)2As2 screens the extra positive charge
of Co3+ on such a short length scale (of the order of the
muffin-tin radius) that Co is effectively Co2+ [29, 45, 46].
This, of course, would be fully consistent with the present
observations.
In conclusion, our NEXAFS data provide direct spec-
troscopic evidence that not only the Fe but also the Co
and the As valencies remain completely unaffected across
the entire doping range. The Fe and Co L2,3 spectra
are best described assuming a tetrahedral (Fe,Co)As4
coordination. This finding underlines a prominent role
of the hybridization between (Fe,Co) 3dxy, dxz, dyz or-
bitals and As 4s/4p states for the Fermi surface in
A(Fe1−xCox)2As2. According to our experiments in con-
junction with the multiplet calculations, Fe as well as
Co ions retain a valency of +2 which casts serious doubt
on the widely assumed electron-doping effect induced by
Co. The present data are fully consistent with the cal-
culations of Ref. [29, 45–47] where the effect of Co sub-
stitution is described in terms of a (topological [29, 45])
change of the Fermi surface (probably induced by a Lif-
shitz transition) which destabilizes the magnetism in fa-
vor of superconductivity. In these calculations, Co is
identified either as being isovalent to Fe [29, 45, 47], or
as being screened in such a way as to appear isovalent to
Fe [46].
The current investigation indicates a more pronounced
covalent character for the (Fe,Co)-As bond with increas-
ing Co content. Since the corresponding bond length,
i. e., the distance of the As atoms to the (Fe,Co) posi-
tion, is changed by application of external pressure [12–
14] or upon chemical pressure due to the isovalent sub-
stitution of As by P [16] or Fe by Ru [18], the covalency
of the (Fe,Co)-As bond seems to be a key parameter for
the interplay between magnetism and superconductivity
in A(Fe1−xCox)2As2 and for the topology of the Fermi
surface as well. The strongly covalent character of the
(Fe,Co)-As bond is also consistent with Refs. [16, 18]
where it was suggested that even the mobility of charge
carriers can be significantly enhanced upon the isovalent
replacement of As by P or Fe by Ru.
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